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Abstract

Progress was made during the past decade towards a better understanding of halo formation caused by beam
mismatch in high-intensity beams. To test these ideas an experiment was carried out at Los Alamos with proton beams
in a 52-quadrupole focusing channel. Rms emittances and beam widths were obtained from measured beam profiles for
comparison with the maximum emittance-growth predictions of a free-energy model and the maximum halo-amplitude
predictions of a particle-core model. The experimental results are also compared with multiparticle simulations. In this
paper we will present the experimental results and discuss the implications with respect to the validity of both the

models and the simulations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Control of beam-halo and associated beam
losses is a fundamental requirement for high beam
availability in high-power proton linacs. More
than a decade ago, computer simulation studies [1]
identified beam mismatch as the major source of
the halo and emittance growth observed in
simulations. The emittance growth can be related
to the conversion of free-energy from mismatch
oscillations into thermal energy of the beam. For a
given mismatch strength, the free-energy model
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determines the maximum emittance growth, which
results from complete transfer of free-energy into
emittance [2].

A physical model of halo formation is expected
to include both nonlinear and time-dependent
forces that drive halo particles to larger ampli-
tudes. Such a mechanism is provided by the
particle-core model [3,4,5], in which beam mis-
match produces an imbalance between focusing,
space charge, and emittance, exciting a symmetric
or breathing (x;ns and yu,s in-phase) mode
oscillation of the core. The space-charge field of
the oscillating core modulates the net focusing
force acting on individual particles and drives
particles in a nonlinear parametric resonance when
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fparticle = fmode/2, Where fparticle is the betatron
frequency of the particle and fiode 1S the mode-
oscillation frequency [4]. The model predicts a
maximum resonant-particle amplitude as a func-
tion of the mismatch strength [5]. Neither the free-
energy, nor the particle-core model predict the
growth rates for the halo amplitude and beam
emittance, for which numerical simulations are
required.

2. Beam-halo experiment

To test the two models, we installed a 52-
quadrupole  periodic-focusing  beam-transport
channel at the end of the Los Alamos low-energy
demonstration accelerator (LEDA)[6]. LEDA
delivers a 6.7-MeV proton beam from a 350-
MHz radiofrequency-quadrupole (RFQ) linac.
The beam was pulsed at a 1-Hz rate with a 30-us
pulse length. The channel length of 11m was
sufficient for the development of about 10
mismatch oscillations, enough to observe at least
the initial stages of emittance growth and halo
formation caused by mismatch. In this paper we
present results for a 75-mA proton beam current.

The most important beam-diagnostic elements
were the transverse beam-profile scanners [7] that
measured the horizontal and vertical distributions.
These were installed at nine stations (Fig. 1), each
located midway between pairs of quadrupoles. The
scanners were labeled with numbers corresponding
to the preceding quadrupole-magnet number. The
beam was matched, using a least-squares fitting
procedure that adjusted the first four quadrupoles
to produce equal rms sizes at the last eight scanner
locations. For a mismatched beam one must
consider not only the breathing mode, but also
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Fig. 1. Block diagram of the 52-quadrupole-magnet lattice
showing the nine locations of beam-profile scanners.

the antisymmetric or quadrupole mode. The beam
was mismatched in nominally pure symmetric or
antisymmetric modes by proper settings of the
same four matching quadrupoles. More details of
the matching and mismatching procedures can be
found in Ref [8]. The mismatch strength was
measured by a mismatch parameter p, which
equals the ratio of the rms size of the initial
beam to that of the matched beam. For a matched
beam u=1.

Fig. 2 shows the matched and mismatched 75-
mA beam profiles at scanner 51. The matched
beam has a Gaussian-like central profile with an
rms beam size of 1.1 mm. For the matched beam a
low-density halo is observed to extend as far as
9rms. This matched-beam halo is observed at all
scanners and is most easily explained as a halo that
has formed in the injector/RFQ system prior to the
periodic quadrupole channel. Direct measurement
of the beam-energy distribution with a resolution
of about 200 keV, using a dispersive section of the
transport line at the end of the periodic quadru-
pole channel, showed no evidence for low-energy
tails that might contribute to this halo. Although
collimation can remove this halo, collimation was
not implemented in our experiment. Halo caused
by mismatch was our main interest, because this
mismatch mechanism is expected to involve more
particles, and can form halo even at high energy
where collimation is more difficult. A breathing-
mode-mismatch beam profile for p=1.5, seen in
Fig. 2, shows the growth of shoulders indicating
substantial formation of halo.
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Fig. 2. Horizontal beam profiles at scanner 51 for a 75-mA,

u=1 matched beam (blue solid circles), and breathing-mode
u=1.5 mismatched beam (red open circles).
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The rms-size measurements were used to calcu-
late the rms emittances at scanners 20 and 45 [6].
Assuming zero emittance growth in the channel
for the matched beam, the tune depression from
space-charge was 0.82 immediately after the
matching quadrupoles at scanner 4, and was
constant at 0.95 after the beam had debunched
at approximately quadrupole 16, about 3.5 m from
the beginning of the channel. Although the beam
was not in a space-charge-dominated regime,
significant space-charge effects in mismatched
beams were still expected.

The free-energy model can be tested by compar-
ing the measured emittance-growths at scanners 20
and 45 with the emittance-growth upper limits
from that model. The emittance-growth measure-
ments for mismatched beams show some signifi-
cant anisotropies (x—y differences). Franchetti et al.
[9] report simulation studies of anisotropic beams
in uniform focusing channels, in which large
(40%) x—y emittance-growth differences are ob-
served that are sensitive to initial x—y tune
differences as small as 1%. The sensitivity is not
the result of chaotic behavior, but is caused by the
parametric resonance discussed earlier, which is
sensitive to x—y parameter differences. In our case,
anisotropies could be driven by percent-level input
x—y emittance differences that are not resolved
experimentally. Although the free-energy model
was derived for an axisymmetric beam, these
authors find that the model can be extended to a
2D anisotropic case if the emittance growth is
averaged over x and y.

Fig. 3 shows the x—y averaged rms-emittance-
growth results (points with error bars) versus u at
scanner 20 for a 75-mA breathing-mode mismatch.
The maximum emittance-growth curves from the
free-energy model are shown for the two tune-
depression values that bracket the values for the
debunching beam, and it can be seen that
the theoretical maximum is insensitive to the tune
depression over this range. The breathing-mode
data in Fig. 3 are consistent at all u values with
the maximum emittance growth predicted by the
model. The breathing mode results at scanner 45
(not shown) show no significant additional emit-
tance growth, consistent with the upper limits
from the model and with complete transfer of free
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Fig. 3. Measured rms-emittance growth averaged over x and y
for 7SmA at scanner 20 for a breathing-mode mismatch. The
curves show maximum growth from the free-energy model.
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Fig. 4. Measured rms-emittance growth averaged over x and y
for 75mA at scanner 45 for a quadrupole-mode mismatch. The
curves show maximum growth from the free-energy model.

energy within only four mismatch oscillations.
Quadrupole mismatch data at 75mA are not
available at scanner 20, but are available at
scanner 45 (see Fig. 4). These results are also
consistent at all measured p values with the
maximum growth of the model. Although an
axisymmetric beam is assumed in the model,
applicability to the quadruple mode is physically
reasonable for a given free energy if equal energy
sharing is assumed in x and y. Overall, the data
for both mismatch modes indicate a rapid growth
mechanism with nearly complete transfer of
free energy occurring in less than 10 mismatch
oscillations.
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Fig. 5. Measured beam half-widths at scanner 20 (75SmA and a
breathing mode mismatch) at different fractional intensity
levels versus mismatch strength u for comparison with the
maximum resonant amplitude of the particle-core model.

The particle-core model predicts the maximum
resonant-particle amplitude as a function of
mismatch parameter u [5]. We were unable to
determine an experimental maximum amplitude
for direct comparison because of background.
Instead, we compared the measured amplitudes
(x—y averaged half-widths of the beam) at three
different fractional beam-profile intensity levels
(10%, 1%, and 0.1% of the peak) for a breathing-
mode mismatch with the maximum amplitude
predicted by the particle-core model. A compar-
ison is shown in Fig. 5 for scanner 20 at 75 mA.
The shapes of all three measured half-width curves
are consistent with the shape of the maximum
amplitude curve from the particle-core model, and
all three measured curves lie below the maximum
amplitude curve from the model. Similar results
are observed at scanner 51. Although the particle-
core model based on a single mismatch mode is a
relatively simple description of the beam dy-
namics, the agreement with the model for the
curve shapes and for the consistency of
the magnitudes, supports the conclusion that the
model incorporates the main physical mechanism
responsible for the halo growth.

3. Multiparticle simulations

Self-consistent multiparticle simulations includ-
ing space-charge forces were carried out using the

macroparticle simulation code IMPACT [10]. The
lack of detailed knowledge of the initial beam
distribution in phase space is an important issue
for the simulations. Our first approach has been to
generate three different initial distributions at the
entrance of the beam-transport channel, all with
the same Courant-Snyder ellipse parameters and
emittances; the latter were deduced from the
measurements. The three input distributions are:
(1) 6D Waterbag, (2) 6D Gaussian, and (3) a
distribution called LEBT/RFQ, generated from a
simulation through the LEBT and RFQ, starting
at the plasma surface at the exit of the ion source.
The particle coordinates of the LEBT/RFQ
distribution were scaled to produce the correct
initial Courant—-Snyder parameters and emit-
tances. The transverse phase-space plots of these
distributions are shown in Fig. 6. Fig. 6 shows
qualitatively an increasing input beam halo as we
progress from the Waterbag to the Gaussian to the
LEBT/RFQ distribution. For each of these initial
distributions we have simulated the beam dy-
namics through the matched beam channel [11,12].
For each simulation, using about 2.8 million
macroparticles with a computation grid of
65 x 65 x 129, Poisson’s equation was solved in
cylindrical coordinates with transverse perfect-
conducting-wall boundary conditions and a peri-
odic boundary condition, longitudinally.

All three initial distributions predict a nearly
matched transverse rms beam size, in good
agreement with the matched-beam measurements.
In addition to the rms sizes, we also measured the
projected density distributions, i.e. beam profiles
in x and y at nine locations along the transport
channel. The density profiles from the simulations
of the matched beam are compared in Fig. 7 with
measurements at the final detector. In general, the
LEBT/RFQ simulation agrees best with the
measured profiles, especially in the core region.
However, none of the distributions reproduce well
the tails observed in the measured profiles.

Fig. 8 shows the horizontal-profile comparison
at the final detector, for the LEBT/RFQ simula-
tion and for a breathing-mode mismatch with an
initial rms beam size that is 50% larger than the
matched case. Simulations for all three initial
distributions fail to reproduce the broad shoulders
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Fig. 6. Transverse phase-space projections for three initial simulation distributions at the entrance of the transport channel for the
matched beam: 6D Waterbag (left), 6D Gaussian (middle), and RFQ/LEBT (right). The upper plots show x — p, phase space, and the

lower plots show y — p, phase space.
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Fig. 7. Horizontal profiles from measurements (points) and simulations (curves) at the final profile detector for 75-mA matched beam.
The initial distributions for the simulations are: 6D Waterbag (left), 6D Gaussian (center), and LEBT/RFQ (right).

seen in Fig. 8, which are induced in the measured
beam profiles by the mismatches. The broader
shoulders for the real beam are evidence of a more
rapid halo growth rate in the real mismatched
beam than in the simulations.

Fig. 9 compares the rms emittance growth at the
end of the channel calculated from the measure-

ments at 75mA for the breathing-mode mis-
matched beam (initial rms size 50% larger than
the matched size) with those from the three
simulations. We find that the emittance-growth
rates from simulations increase as we progress
from the 6D Waterbag to 6D Gaussian to the
LEBT/RFQ distribution, which means that the



430 T.P. Wangler et al. | Nuclear Instruments and Methods in Physics Research A 519 (2004) 425—431

simulation
measurement after Q51 +

0.1t

001 |

0.001 |

accumulated density distribution

0.0001 =

0
X (mm)

Fig. 8. Horizontal profile from measurements (points) and the
LEBT/RFQ simulation (curve) at the final profile detector for a
75-mA breathing-mode mismatched (by 50%) beam.
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Fig. 9. Emittance growth from three simulations and from the
experiment, for a 50% breathing-mode mismatch at 75 mA.

distributions with greater initial beam-halo have
more emittance growth. We interpret this as a
result that would be expected from the particle-
core model [5], because the resonant particles that
form the halo lie outside the beam core. The
emittance-growth rate calculated from measure-
ments is larger than those from any of the three
simulations. Our interpretation is that the initial
distributions assumed for the simulations do not
adequately populate the tails, which include the
resonant particles that are main source of the halo
and emittance growth.

As a further test of the hypothesis that the
emittance growth is enhanced by the population of
the tail of the input beam, we have done
simulations for 75mA and a pu=1.5 mismatch,
using a distribution that is the sum of two
Gaussians with different relative heights and
different rms sizes. Choosing a fixed ratio of the
rms widths of the two Gaussian distributions equal
to 4, we find that as the height of the broader
Gaussian, which provides the tails, increases
relative to the height of the narrower one from
5% to 20%, the simulated emittance growth
increases from 1.20 to 1.47. We note that the
emittance-growth value of 1.47 lies within the
experimental uncertainly of the measured value of
1.51. This example confirms that an emittance
growth of the approximate magnitude of the
measured result can be obtained from simulation,
by using an initial distribution with a large
population in the tail. For the mismatched beam
profiles, we observe broader shoulders in simula-
tions using the double-Gaussian initial distribution
than for the previous three distributions. However,
these simulation profiles still do not reproduce well
the density profiles from the measurements (see
Fig. 10). We believe that more experimental
information about the initial distribution would
be required to reproduce the details of the
measured mismatched density profiles.
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Fig. 10. Horizontal profile from measurements (points) and
simulation for an initial double-Gaussian with relative heights
of 20% simulation (curve) at the final profile detector for a 75-
mA breathing-mode mismatched (by 50%) beam.
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4. Conclusions

Our experimental results support both the free-
energy model and the particle-core model of halo
formation in mismatched beams. This conclusion
is important because these models predict upper
limits to emittance and halo-amplitude growth in
high-current transport channels and linacs, and
allow estimation of focusing strength and aperture
requirements in new designs. We also conclude
that using only the known Courant—Snyder para-
meters and the emittances as input parameters is
not sufficient information for reliable simulations
of beam halo formed in mismatched beams. Our
interpretation of the simulation results is that
the higher emittance-growth rate for the real
beam is caused by a higher particle density in the
initial beam tails, and consequently, a greater
population of the region of phase space that leads
to resonant halo growth. We conclude that
knowledge of the initial particle distribution,
especially the density in the tails, is important for
accurate predictions of the beam profiles beam-
halo from simulations.
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